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A B S T R A C T The myopathv associated with vitamin D deficiency has not been well characterized, aind it is not known if weakniess is a result of a specific effect of vitamiini D deficiency on skeletal muciele. Chicks were raised from hatching on a vitamiini D-deficient diet, an(l by 3 wk of age were hypocalcemiic and appeared weak. Tension geiierated by triceps surae during repetitive stimulation of posterior tibial nerve was significanitlv less than that developed by chicks given vitamini D3 supplemeints (309 g tension/g wet weight of triceps stirae, SD 60, for vitamini D-deficient chicks; 470, SD 77, for vitamin D3-treated chicks, P < 0.01). Histochemical andl electron microscopic examinatioin of skeletal museles of these chicks showedc no abnorimialities, and there were no electrophysiologic evi-(lenices of motor nerve or neuromiiuscular junction dlysfunctioni. The coincentratioin of ATP in skeletal musele of the vitamiiin D-deficient chicks (5.75 ,mol/ g wet weight, SID 0.17) was niot significantly different fromii that in vitamiinl D-treated chicks (5.60, SD 0.50). There was no correlatioi l)etween strenigth anid serum calcitiumi, seruml iniorganic phosphate, or skeletal muscle inorganic phosphate. Relaxation of ten sioni after tetatnic stimlulationv was slowe(l in the vitamin Ddeficient chicks (20.6 ins, SD 1.7, vs. 15.4, SD 1.3, in vitaminii D-treated chicks aind( 15.3, SD 1.0, in normnal control chicks), and in vitro 45Ca5+ trainsport by sarcoplasmic reticulum from the vitamin D-deficient chicks was re(luce(l. Calcium conitenit of mitoclhondria prepared from leg muscles of vitamini 1)-deficient chicks (24 nmllol/miig miiitochondrial proteini, SD 6) was consideral)ly lower than that of mitochondria from normal INTRODUCTION Vitamin D3 derived from the diet or synthesized enidogenously from 7-dehydrocholesterol (1) is converted by successive hydroxylations in liver and kidney to 1-alpha, 2.5-dihydroxyvitamin D3 (1,25-diOHD3)1 (2) . 1,25DiOHD3, with parathyroid hormone, regulates plasmia calcium and phosphate concentrations through effects on intestine, kidney, and bone (2) . Other hy-(Iroxylated forms of vitamin D3 may also be of importance in calcium and phosphate metabolism (3) .
Vitamini D deficiency in both hum-ans (4) and experimental animals (5) causes muscle weakness. This presumed myopathy has not been well characterized. Additionally, it is not known whether the weakness is secondary to altered plassma concentrations of calcium and phosphate, or if there is a specific effect of vitamin D deficienev on skeletal muscle.
Abbreviationts and nomenclature used in this paper:
Ca-XIg-ATPase, Ca"+-stimulated, Mg++-dependent ATPase; 1,25diOHD3, 1-alpha, 25-dihydroxyvitamin D3; Pi, inorganic phosphate; Rs, Spearrman rank coefficient; SDS, sodium dodecyl sulfate; SR, sarcoplasmic reticulum; T1/2 relaxation time(s), timne required for tension to fall from the deflection point at the end ofthe tetanic plateau to one-halftension value.
We have menasured the strength of 3-wk-old chicks, and( have found(I thatt animilcals deprived of vitamin D fromn hatching genierated less thain one-half the normcal musele tenisioni in response to repetitive electrical stimulationi. As previously reported in vitamin D-(leficienit rats (6) , relaxation after muscle contractioni was slowe(l in the vitamini ID-deficient chicks. As in vitamini 1)-deficient rabbits (5) needle electrodes positioned at the triceps surae muscle belly, with square-wave pulses of 1.0-ms duration at 100 and 200/s for 200 ms.
To estimiiate the rate of relaxation of triceps surae after cessatioin of electrical stimiiulation of posterior tibial nerve, the timiie required for tension to fall from the deflectioni point at the end of the tetanic plateau to one-halfthe plateau tension value (T1,2 relaxation time) (6) (14) . Osmium tetroxide was used instead of Dalton's fixative. A portion of the pellet wvas assayed for protein (15) , altld the remlainder was use(d for mieasuremilenits of 45Ca++ uptake and Ca'+-stimulatecl, MIg'+-dependent ATPase (Ca-MIgATPase) activity (16) . To estimaite conitaiiiniation of the SR fraction by mitochondIria, the degree of inhibition of calciuinstimulated ATPase activity by 1 1.tM oligomycin was determinied (17) . Also, in some experimilents a portion ofthe preparation was solubilized by boiling in 1% sodiumii dodecvl sulfate (SDS)/(.1% mercaptoethaniol in 10 mM sodiumil phosphate buffer (pH 7.4) (wt/vol/vol) and exaimined by SDS polyacrylamilide slab gel electrophoresis (18) .
Muscle mitochondria were prepare(d 1y a miodification ofthe method of Makinen and Lee (19) . The leg mnuscles (2) (3) (4) (5) 13 ,400 rpm in ai JA 20 rotor (Beckimaniii J 21 centrifuge) for 10 min at 5°C, the supernite (discardledI, and fat wipedl fromii the si(les of the tube. The pellet w%%as resusipenided in 100 mnM KCI which contained 0.25 \I suicrose, 50 m\M Tris (pH 6.9 at 5°C), 1 \1\IIgC12, 0.2 mM ED)TA, andl 100 U heparini/miil. The suispentsionl was cenitrifuigedI at 6,600 rpm (JA 20 rotor) for 10 mimi att 50C, aind( the mitochond(Irial pellet was r-estispend(le( in 0.25 \I stucrose and 2 mMN1 Hepes-Tris (pH 7.4). Portioins of the suspenisioin were taken for electron imicroscopy ats previously dlescribed (10) , proteini assay (15) , anl for polarographic imieatsuiremilenits of oxygen uptake (19) .
To assay the ATP conitenit of the leg miusele mitochond(Iria, the preparationi was carrie(d out Is dlescribedl above, except thatt all solutionis containede 1 .L\I oligomivcin (17) and 5 tk\1 atractyloside (21). The mitochondrial fraction was then homogenized in ice-cold perchloric acid, and ATP was nmeasured 1b ai spectrophotomiletric milethod (12) .
MIitochonldrial calciiium conitenit vw.as assayed 1w atoiic i absorptioni spectroscopy aifter overnight (ligestion at 250C in 8 N niitric aceil which containedl 1.5% (wxt/vol) lanthainlumii chloride. Mitochondrial 45Ca+t uptake during incubation in 250 mM suicrose, 2 mnM Hepes-Tris (pH 7.4) with 2 mrn ATP at 300C was studied by the EGTA q*uench method of Reed and Bygrave (22) . The rate of release of 4;Ca++ from mitochondria from vitamin D-deficient chicks (group 1-noD) and chicks given vitamin D3 for 2 wk (group 4) was stu(diedl by loadling militochonidria from the txw.o groups with 5O nimlol of 45Ca++/mg proteini dlur-inig ineubation in 250 m\l\ suicrose, 2 mnM HepesTris (pH 7.4) with 2 m\I ATP at 30(C. Then the mnitochondrial siuspeinsion was cenitrifuige(d at 6,600 rpmii (JA 20 rotor) for 10 imi at 5C. The superniiate was atspirated, and the pellet w.,as resiuspendledl ini catlciumii-free 250 i\lM sucrose, 2 mM.NI Hepes-Tris (pH 7.4) wvhich containledl 1 mMNi EGTA, 1 utLM oligomvycin (17) , and 5 gM atractloside (21) . Appearance of 45Ca-+ in the medium during incubation at 30°C was followed by serial siamtipling of the suspension. Mitochondria were sedimentel at 16,000 rpm (JA 20 rotor) for 5 min at 5°C, and 45Ca++ in the suipernate was (letermined by liquid scinitillationi spectrome-try. The half-time of release of calcium fromil the mitochondria was estimated by linear-log plots of the (lata.
RESULTS
As previously reported (23), chicks shielded from sunlight and fed a diet devoid of vitamin D and low in calciuim (group 1-noD) gainied weight at a slightly slower rate than starter-mash-fed control chicks (group 10). The vitamini D-deficient chicks developed deformities of the sternumil and were hypocalcemic, but not hypophosphatemie (Table II) fully extended, and they tended to rest their bodies on the floor ofthe cages. Weakness was confirmed by electrophysiological studies. Force of contraction of triceps surae of the group 1-noD chicks during repetitive stimulation of posterior tibial nerve was less than onehalf that of group 10-starter-mash-fed controls (Table   III) . Tension generated by the muscles of the group 1-noD chicks, like that of vitamin D-treated chicks ( Although the size of individual muscle fibers from triceps surae of group 1-noD and group 4-D 2 wk chicks was similar, it seemed possible that the weakness in the vitamin D-deficient group was a result of reduced muscle mass. To evaluate this possibility, triceps surae were dissected free and weighed after completion of the electrophysiological studies in four animals from group 1-noD and four from group 4-D 2 wk. Chicks from group 1-noD produced 309 (SD 60) g tension/g wet weight triceps surae, whereas chicks from group 4-D 2 wk produced 470 (SD 77) g tension/g wet weight triceps surae. These results were compared by the unlpaired Student's two-tailed t test (8) ; the difference between the means was significant (P < 0.01). Thus, when compared on the basis of muscle mass, vitamin D-deficient preparations still exhibited reduced tension development when compared with vitamin Dtreated controls.
Chicks fed the vitamin D-deficient diet supplemented with calcium (group 2-noD hiCa) gained weight less rapidly than the vitamin D-deficient group without calcium supplementation. These animals were hvpercalcemiiic (Table II) and appeared weak. With repetitive stimulation of posterior tibial nierve, group 2-noD hiCa triceps surae tension was greater than that in group 1-noD chicks (Table III ; P < 0.01) but less than that of group 10-starter-mash controls (P < 0.01) or chicks given vitamin D3 for 2 or 3 wk (groups 4 and 5, P < 0.01).
Three vitamin D-treatment regimens (Table I) were instituted at hatching or 1 or 2 wk after hatching. In preliminary experiments, many chicks given both vitamin D3 and calciumn supplements beginning at the time of hatching or a week later died before the age of 3 wk; survivors were hypercalcemic and averaged less than one-half the weight of vitamin D-deficient chicks. Because of this severe toxicity, no further studies were carried out on this group of chicks. Chicks given vitamin D3 and calcium supplements for only the last week before study (group 6-D hiCa 1 wk) were also hypercalcemic. Although these animals were lighter than group 1-noD, these chicks attained triceps surae contractile forces averaging twice that of group 1-noD (Table III) . Chicks exposed to sunlight and given the vitamin D3 precursor, 7-dehvdrocholesterol (1) , and supplementary calciumii (groups 7-9), or vitamin D3 without supplementary calcium (groups 3-5) gained weight well and showed increasing triceps surae tensions with increasinig duration of therapy (Table III) .
The best muscle function was attained with vitamin D3 therapy without supplementary calcium. With 2 or 3 wk of such therapy (groups 4 and 5), tensions were attained that were in the same range as in group 10-starter-miash-fed chicks (Fig. 1) .
In contrast to previous studies in vitamin D-deficient rats (24, 25) , ATP concentration in leg muscles of vitamin D-deficient chicks (group 1), measured with a freeze-clamp technique (11), was not significantly different from that in 2-wk vitamin D3-treated chicks (group 1-noD ATP 5.75 ,umol/g wet weight of muscle, SD 0.17, n = 5; group 4-D 2 wk, 5.60 ,mol/g wet weight of muscle, SD 0.50, n = 5).
Comparisons of group mean tension data (Table III) with the biochemical data in Table II , using the Spearman rank correlation test (8) , showed no significant correlation between triceps surae tension and serum Ca++, serum Pi, or muscle Pi. Although strength tended to be greater in the heavier groups of chicks, this association was not statistically significant (Spearman rank coefficient [8] [Rj] = 0.545, P > 0.05).
In a previous study, relaxation of tension after single or repetitive stimulation of skeletal muscle was slowed in vitamini D-deficient rats (6) . Though Ca-NMg-ATPase results were drawn from the same population. 1-min 45Ca++ uptakes vere from different populations (P < 0.05), as were 8-min 45Ca++ uptakes (P < 0.001). Abbreviations are given in Table I . * Means xwere significantly different from those of group 1-noD, using the Sttudentized range (8, 9), P < 0.01.
Muscle Calcium and Contractile Force in Vitamin D-deficient Chicks noD chicks than in group 10-starter-mash controls or in group 4-D 2 wk animals (Table IV) . We also prepared SR by the method of Nakamura et al. (26) . This procedure gave a fraction of satisfactory purity from the muscles of vitamin D-treated chicks (group 4-D 2 wk) and from starter-mash controls. However, SR protein yield from the vitamin D-deficient chicks (group 1) was considerably higher than from the vitamin D-treated animals (group 4-D 2 wk), and electron microscopy and SDS polyacrylamide slab gel electrophoresis (18) (Table IV) . Boland et al. (27) reported the specific activity of Ca-Mg-ATPase of SR from the leg muscles of normal 21-d-old chicks to be 0.6 gmol Pi/mg protein per min; this was somewhat higher than the values obtained in our study with SR from group 10-starter-mash controls (Table IV) . Ca-Mg-ATPase specific activities of SR from the leg muscles of vitamin D-deficient chicks (group 1) and vitamin D3-treated chicks (group 4) were not significantly different from the starter-mash controls (group 10). Boland et al. (27) also found that leg muscle SR of normal 21-d-old chicks took up 0.6 ,umol, of 45Ca'+/mg SR protein in 1 min, and 2.1 ,tmol of 45Ca+'/ mg SR protein in 10 min. Measuring 45Ca++ uptakes by a procedure (16) similar to that of Boland et al. (27) , 45Ca++ uptake a 1 min by group 10-starter-mash control leg muscle SR was nearly identical to that previously reported, and 8-min 45Ca++ uptake was similar to the 10-min uptake. These results suggest that the purity of SR prepared by the modified method used in our study was comparable to that obtained by Boland et al. (27) . Both 1-and 8-min 45Ca++ uptakes by the SR from group 1-noD chicks were below those of the SR from group 10-starter-mash controls. 45Ca++ uptakes by SR from the group 4-D 2 wk chicks were intermediate between those of the group 1-noD and the group 10-startermash control chicks (Table IV) .
Mitochondria were prepared from chick leg skeletal muscles. Yield varied between 0.6 and 1.7 mg mitochondrial protein/g wet weight muscle, and no significant differences in protein yields between the treatment groups were noted. Electron microscopy of preparations from group 1-noD, group 4-D 2 wk and group 10-starter mash showed intact mitochondria contaminated by occasional myofibrils and vesicles resembling SR. ADP:O ratio (19) for glutamate: malate was 2.8 (SD 0.2, n = 4) for group 1-noD; 2.9 (SD 0.3, n = 4) for group 4-D 2 wk; and 2.8 (SD 0.4, n = 4) for group 10-starter mash. The respiratory control index for glutamate:malate (19) was 5.1 (SD 0.5, n = 4) for group 1-noD; 4.9 (SD 0.4, n = 4) for group 4-D 2 wk; and 4.8 (SD 0.6, n = 4) for group 10-starter mash. These data indicate that mitochondria prepared from each of these groups were well coupled.
Freshly prepared mitochondria were digested in nitric acid, and calcium content was measured by atomic absorption spectroscopy. Mitochondrial calcium content was greatest in chicks treated for the longest period with vitamin D (Fig. 2) . Mitochondrial calcium content did not correlate with serum calcium concentration (R, = 0.375, P > 0.05), and was not raised in vitamin D-deficient chicks by calcium supplements sufficient to cause hypercalcemia (group 2-noD hiCa). The mitochondria from group 10-startermash control chicks contained 45 nmol calcium/mg mitochondrial protein (SD 8, n = 6). This was above the level in group 1-noD and group 2-noD hiCa mitochondria (P < 0.01) but below that of chicks given vitamin D for 2 wk or more (groups 4 Table I.   1162 Pleasure et al.
A number of studies were designied to assess the meechanismii by which vitamini D therapy increased the level of calciium in miiitochondria isolated from the chick leg muscles. The effect of vitamini D could have been a result of greater uptake of calciumil froim extracellular fluid byv these mitochonidria durinig the isolation procedure. This is unllikely0 oni a number of groundcls. First, the mitochondclrial calcium contenit of the hypercalcemiiic group 2-noD hiCa chicks wvas below that in vitamiiin D-treatedl groups. Second, the solutions used after initial minlcinig of the musele specimiienis cluring the isolation procedure containe(d the calcium chelator EDTA. It is conceivable, however, that the mitochond(Iria took up calciumil durinig the mauscle minicinig in ice-cold 0.15 Ml KCI. To evaluate the possibility, the isolationi procedure was mo(lifie(d by incorporation of 2 ,uM lanthainumii chlori(le, anl inhibitor of mitochonidrial calciumii tranisport (22, 28) , in the mincing solutioni an(l( all sul)sequent solutionis used in the isolation procedure. Mlitochondria prepared in this way from group 1-noD conitained 18 nmol calcium/mng mitochondrial protein (it = 2); those from group 4-D 2 wk, 53 nmol (ni = 2); anid those fromn group 10-starter mash, 36 numlol (ni = 2). Each of these values was -20% lower than that obtained without lanithan-umii chlori(le.
Although calciumii uptake during the isolationi procedure was not responsible for the greater levels of muscle mitochonidrial calciumii in the vitamin D-treated groups, it is coniceivalble that the lower calciumii conitent of skeletal muscle mitochonidria from the vitamiiin D-deficient chicks resulted from a greater loss of calciumll from these mitochonidria during the isolation procedure. We therefore studied the rate of release of 45Ca++ from mitochonidria of vitamini D-deficient chicks (group 1) and chicks given vitamini D3 for 2 wk (group 4). After isolation, the mitochondria were loaded with 50 numol of 45Ca'+ in vitro (see Methods). Upon resuspension in a medium that contained EGTA, oligomycin, and atractyloside, the half-time of 45Ca++ release from the mitochondria of the vitamin D-deficient chicks was almost twice that from the vitamin D-treated animnals (Fig. 3) . This result suggests that loss of calcium during isolation of skeletal muscle mitochonidria is likely to be greater in preparations from vitamini D-treated, not vitamin D-deficient animals.
To determine whether vitamin D therapy increases the rate of active transport of calcium into the mitochondria or the affinity of the transport system for calcium, skeletal muscle mitochondria were isolated from vitamin D-deficient chicks (group 1) and vitamini Dtreated chicks (group 4) and then incubated with 45Ca++ and ATP. No effect of vitamin D therapy on 45Ca++ uptake was discerned (Fig. 4) . miitochoii(Iria Ca++ uptake bNv Pi was of a miagnitude siiiiilalr to that reportecl in rat heart aiid liver mi-itochondria (31, 32) . The restilts showii ill Fig. 4 indicate that when in vitro skeletall imuscle miitochondriall calciumi uiptalke was drivel. by\ ATP, functioii of the miitochondrial transport svsteiii froiin the vitaiiiin D-deficienit chicks was siiiiilalr to that of mi-itochoiidria fromi vitai-nin DA-reated chicks. Fuirther experiimeiits were performi-ed to comipare respiratory sub)strate-driven 45Ca++ uptakes of miitochonelIria froiin group 1-noD and group 4-D 2 wk chicks. NIitochonldria were incubated with 5 ,uM atractvlosii(le (21), 1 ,u.N oligomi-yeiii (17), alnd 2 mM ATP. Sufficiellt 45Ca++ was added to bring ionized Ca++ to 25 ,N.4Ca++ uptalke at 30 s in the absence of added respiratory subsstrate was <2 nmiol/ii-g mi-itochondrial protein for both group 1-noD and group 4-D 2 wk miitochondria; this indicated that the ATP, added to the mi-ediuiii to buffer the ionized calciumconcentrationl, was inOt available for utilization by the m--itochon(lria. In parallel experim-ents in which 2 rmM succinate was addecl to the m-ediurm, 30-S 45 Ca++ uptakes by group 1-I1oD miitochondria were 48 and 59 nm--ol/iiig mi-itochondrial protein on two occasions, whereas uptakes by group 4-D 2 wk miitochondria ing coneenitrationis of45Ca`l+ were then adldledl (29) 45Ca++ uptake driven by respiratory substrate closely resembled that energized by ATP, and no differences were notedl between the group 1-no)D and group 4-D 2 wk mitochondria in respiratory sul)strate-driven 45Ca`+ uptake.
The ATP content of freshly isolated leg muscle mitochondria from group 1-nol) and group 4-D 2 wk chicks was assayed. For this purpose, the mitochondrial isolation procedure was moodified by addition of 1 (33) ; the chicks were fe(r a (liet containing slightly mnore phosphorus tha.n starter mlash, were not hvpophiosphateinic, ancd mulsele phosphate (Table II) was not significaiitly differenit froml that of 3-wk vitamin)il -treated chicks or starter-mash cointrols. Although in previous studies vitaminii 1)-deficient rats were foundl to have lower skeletal musele ATP concentrations than vitaimin D-treatedI coontrols (24, 25) , coomparisoni of ATP contents of group 1-noD ann group 4-1) 2 wk chick skeletal miuscles by the freeze-clamilp techni(que (11) showe(d no significaiit differenices in our study. Vitamini D-deficient animals are aci(lotic (34) anid haive elevaitionis in plasmiia parathyroid horimionie (35) . However-, the role of these factors in the pathogeniesis of weakness in the chicks is not clear.
Histological studies of the museles of the vitaiiiin Drieficienit chicks inrdicated that weakniess was not a resuilt of dienervation or muscle fiber necrosis. In a previous stiurly, the muscle fibers of rats kept vitamilin D deficienit for 18 wk were smaller than those of norinal controls (36) . In our study, muscle fibers ofgroup 1-noD and group 4 Uremic humanis are often weak (39, 40) , anid, on1 occasion, weakness is redluced bv therapy with 1,2diOHD3 (39) . It is likely that the 1,25diOHD3-responsive uremics were deficient in this vitamin D metabolite becauise of a diminution in the capacitv of their kidneys to carry out one hydroxylationi of 25-hydroxyvitamin D3 (2) . Studies of SR function in such patients have not been reported, but skeletal muscle SR of uremic rabbits has a diminished ability to accumulate 45Ca"+, and this defect is corrected by treatment of the rabbits with 1,25diOHD3 (41) .
Because force of muiscle contraction is proportional to the concentration of ionizedl Ca++ in cytosol (42) , weakness of the vitamin D-deficient aninmals could be the result of a diminution in the stores of intravesicular Ca++ available for release from SR to cytosol during excitation-contraction coupling (43 (Fig. 4) . As previously reported in hepatic anid renal mitochondria (49, 50) , prior in vivo vitamini D3 therapy did cause accelerated in vitro release of45Ca"+ from mitochonidria incubated with inhibitors of ATP utilization and ATP transport (Fig. 3) . The faster release of calcium from the mitochonidria of the vitamin D3-treated animals may reflect the greater level of calciuml in these mitochondlria at the beginniiing of the in vitro study (Fig. 2) , resultinig in the loadling of 45 Ca" on1 lower affinity sites durinig the in vitro incubation (51) . or causinlg greater calciumil-induced changes in cationi permeability in the vitamlini D3-treated chicks (52) .
Muscle Calcium and Contractile Force in Vitamin D-deficient Chicks
Although the more rapid release of 45Ca++ from the mitochondria from skeletal muscles of vitamin Dtreated chicks resembled the acceleration in calcium release from hepatic mitochondria of dexamethasonetreated rats (30), several differences were noted. Whereas the uptake of calcium by mitochondria from vitamin D-treated chicks was virtually identical to that of the vitamin D-deficient ones, both with ATP and with succinate as energy sources, the maximum velocity of succinate-supported calcium accumulation by hepatic mitochondria from dexamethasone-treated rats was considerably reduced. Also, whereas the rapid release of 45Ca++ from the mitochondria of the dexamethasonetreated rats was correlated with intramitochondrial ATP depletion, mitochondrial ATP contents of skeletal muscle mitochondria from vitamin D-deficient and 2-wk vitamin D3-treated chicks were nearly identical.
Our study provides objective evidence of weakness resulting from vitamin D deficiency. Abnormalities in muscle relaxation and in SR calcium transport were noted in the vitamin D-deficient chicks that were similar to those previously reported in other species. Of particular interest is the positive correlation between strength and mitochondrial calcium content. This does not necessarily imply a direct role of mitochondria in excitation-contraction coupling. More likely, both the skeletal muscle mitochondrial calcium accumulation and the increased force of contraction of triceps surae are results of greater availability of calcium within the muscle fiber with vitamin D therapy. If so, then vitamin D3 treatment of vitamin D-deficient chicks causes increased net influx of calcium across sarcolemma, an effect resembling that in intestine (47, 53, 54) . Further studies will be needed to determine whether the vitamin D3 metabolite predominantly affecting skeletal muscle is 25-hydroxyvitamin D3, as suggested by Birge and Haddad (25), 1,25diOHD3, or some other hydroxylated form of the vitamin.
